Interleukin-21 (IL-21) is a class I cytokine that belongs to the γ c -subfamily of cytokines and regulates immune responses. It signals through a heterodimeric receptor complex composed of the IL-21R1 and γ c -receptor chains. A characteristic feature of class I cytokine receptors is the presence of a consensus motif WSXWS (WS motif) in the membrane proximal fibronectin type III domain (FNIII) of these receptors. We recently described the structure of the IL-21R:IL-21 complex and showed that the first tryptophan of the WS motif of IL-21R is mannosylated and involved in formation of a sugar bridge that connects the two FNIII domains of the receptor. Furthermore, a mutation within the WS motif of IL-21R was recently shown to cause a novel kind of primary immunodeficiency syndrome (PID). Here, we report the structure of IL-21R alone, which shows that the sugar bridge forms independently of whether IL-21R binds IL-21 or not, and we furthermore investigate the role of this bridge in the export of IL-21R and γC to the plasma membrane. Thus, we provide a molecular explanation for how mutations in the WS motif may cause PIDs.
INTRODUCTION
Interleukin-21 (IL-21) is a small signaling molecule belonging to the class I cytokine family. This family encompasses a range of important cytokines including several important ILs, as well as erythropoietin and prolactin. IL-21 is homologous to IL-2, IL-4 and IL-15 and is produced mainly by activated CD4 + T and natural killer cells. [1] [2] [3] [4] [5] IL-21 induces proliferation of natural killer and cytotoxic T cells. 1, 6, 7 Because of this, it is a potential anti-cancer agent and is currently being tested in clinical trials as treatment against metastatic melanoma and renal cell carcinoma. 8, 9 Moreover, IL-21 knock-out mice showed increased levels of IgE and IgG1 indicating an important role for this cytokine in the control of allergic responses. 10 Finally, IL-21 seems to be critical in persistent viral infections. It improves HIV-specific cytotoxic T-cell response and the function of natural killer cells. [11] [12] [13] In addition, CD4 + T cells from HIV controllers are able to produce significantly more IL-21. 14 It acts on lymphocytes that express the heterodimeric receptor complex composed of the specific IL-21 receptor (IL-21R) and the shared IL-2 receptor gamma (known as gamma C (γC)) chains. 6 γC is shared with IL-2, IL-4, IL-7, IL-9 and IL-15, and these together with IL-21 are referred to as the γC-sharing cytokines. [15] [16] [17] All members of the family are glycosylated at several asparagines.
The extracellular domain of all class I cytokine receptors is composed of two type-III fibronectin-like domains. The N-terminal domain is called D1 and the C-terminal domain D2. They have a conserved disulfide bridge pattern in D1 and the class I cytokine signature motif in D2 which includes the consensus sequence WSXWS (WS motif). Structural studies of IL-21R:IL-21 complex have revealed that the WS motif is part of a W-R-W ladder where an arginine (R182) is sandwiched between the two tryptophans (W195 and W198) of the WS motif. 18 It is furthermore known that the first W of the WS motif is a target for C-mannosylation where a mannose is attached to C1 of the indole ring of the tryptophan. 18 Several possible functions of the WS motif have been suggested including involvement in receptor complex formation, signaling and proper folding and export. [19] [20] [21] [22] [23] [24] [25] Structural studies have definitively ruled out direct involvement in ligand binding 18, 20, [26] [27] [28] [29] [30] and the data for the remaining theories remain inconclusive.
An interesting structural feature of IL-21R was recently reported. The structure of IL-21R in complex with IL-21 showed that N54 in the IL-21R receptor chain is N-glycosylated and the attached glycan forms a sugar bridge with the mannosylated W195 from the WS motif in D2. This bridge is stabilized by R182, which creates a hydrogen-bonding network with the sugar residues. Furthermore, the sugar attached to N54 is indispensable for proper export of the IL-21R chain, whereas removing the remaining N-linked glycans had little or no effect upon export. 18 N54 is located in the part of the D1 domain facing towards the WS motif of the D2 domain. These results might thus implicate a role for the WS motif in proper export of IL-21R.
Mutations abolishing the function of the γC receptor chain cause X-linked severe combined immunodeficiency syndrome and several such mutations within the WS motif have been reported. [31] [32] [33] Recently, a mutation (R182L) in the WS motif of IL-21R was shown to be the cause of a new primary immunodeficiency syndrome in German-Lebanese patients. This mutation caused a lack of surface expression of the receptor. Patients bearing the mutation suffered from chronic bacterial, fungal and viral infections of the respiratory track, liver and digestive system. 34 Thus, a better understanding of the function of the WS motif in both class I cytokine receptor-mediated signaling, as well as maturation/export of this receptor family will provide important clues about the molecular mechanism behind several important hereditary diseases, as well as fundamental insight into the function of γC chain receptors.
In this report we present the structure of unbound IL-21R. We show that IL-21R adopts very similar confirmations with and without binding to IL-21. This similarity extends to the sugar bridge connecting D1 and D2, as well as the WS motif that adopts similar confirmations with and without ligand. We also investigated the role of the sugar bridge and the WS motif in trafficking of both IL-21R and γC to the plasma membrane (PM) by introducing specific single amino acid mutations in the receptors. We found that mutating a glycosylated asparagine in D1 that faces towards the D2 domain prevents proper transport of both IL-21R and γC to the PM. Likewise, mutating the arginine or the first tryptophan involved in formation of the W-R-W ladder results in a lack of receptor at the cell surface for both receptors.
RESULTS
The structure of IL-21R We have determined the structure of the extracellular domain of IL-21R to a resolution of 2.75 Å (Figure 1a , Supplementary Figure 1 and Table 1 ). The unit cell contains three IL-21R molecules and the structure has an R work of 0.24 and an R free of 0.28.
The core structure of the three IL-21R molecules is highly similar. IL-21R contains two fibronectin III domains that form a V-shaped structure, with the binding site for the cytokine positioned at the tip of the V (Figure 1a and Supplementary  Figure 1 ). The main difference between the three molecules in the IL-21R asymmetric unit is observed in the loop connecting β-strands 3 and 4 of the D1 domain. In the molecules A and C, the density for this loop is too weak to allow building of the loop, whereas it is visible and easy to build in molecule B. This is a sign that the loop is highly flexible. This loop contains Y36 that is important for binding to IL-21. 18 We also observe glycosylation of N54 and mannosylation of W195 ( Figure 1b ). The sugar attached to N54 extends down to W195 and interacts with the mannose attached to W195. Interestingly, we observe strong density next to W195 that is not accounted for by protein or sugar. The best fit to this density is a chloride ion.
Comparison of IL-21R with and without ligand The core structure of apo IL-21R and IL-21R in complex with IL-21 is highly similar (Figure 1a ). Comparing the structure of IL-21R with the structure of IL-21R bound to IL-21 reveals that the main differences are in the loops connecting the β-strands of the two fibronectin domains. The most noticeable difference is in the loop connecting β-strands 3 and 4 of the D1 domain. This loop is disordered in the apo structure but adopts a well-ordered confirmation upon binding to IL-21 ( Figure 1c ).
The IL-21R structure bound to IL-21 revealed that a sugar bridge extends from N54 in the D1 domain down to the conserved WS motif in D2. This is also observed in the structure of IL-21R alone. Two mannose residues of the N-linked sugar chain are visible for IL-21R bound to IL-21, but are not visible in the density for the apo structure. The core sugar residues forming the sugar bridge are, however, present and found in very similar conformations. The same is also true for the mannose bound to W195 (Figure 1d ). Mutants of the IL-21R and γC receptor chains Three mutations, designed to disrupt the sugar bridge and its interaction with the WS motif, were introduced in either IL-21R or the common γC receptor chain by site-directed mutagenesis. In case of IL-21R, the first mutated residue is N54A, which is the N-glycosylated residue in D1 of the receptor facing the D2 domain. The second mutated residue is R182A, which is the arginine in the W-R-W ladder. The third mutated residue is W195A, which is the mannosylated tryptophan of the WS motif. 18 In case of the γC receptor chain the mutated residues are N49A, R202A and W215A. As shown in Figure 2 , the latter two residues mutated in the γC receptor chain superimpose with the latter two from IL-21R, indicating high conservancy of this region in class I cytokine receptors, which furthermore points towards a similar role in receptor function and biology. The mutated asparagine residue in the γC receptor chain does not superimpose with the one from IL-21R. Like N54 of IL-21R, N49 of γC is, however, located in the part of D1 that faces towards the WS motif of the D2 domain and could thus functionally perform the same role as N54. It has furthermore previously been shown that N49 of γC is N-glycosylated. 26 Subcellular localization of wild-type and mutated IL-21R C-terminally HA-tagged wild-type or mutant IL-21R constructs were transfected into HEK293 cells. Subcellular localization of transiently expressed receptors was investigated by immunofluorescence using confocal microscopy. The cells were co-stained for giantin or calreticulin, which are markers for the Golgi apparatus and endoplasmic reticulum (ER), respectively. Wild-type IL-21R shows a strong signal in the Golgi apparatus and on the borders of cells indicating localization in the PM (Figure 3 ) as one would expect from a transmembrane receptor. In case of the N54A mutant, the signal can be detected mostly in the Golgi apparatus, which indicates that the protein accumulates in this organelle and is not released to the PM. The R182A mutant showed a strong signal within cells, which only partially co-localized with the signal for giantin. Co-staining with calreticulin shows that the R182A mutant accumulates in the ER (Figure 4 ). Like for the N54A mutant, there is no detection of the receptor that is indicative of PM localization. The result for the arginine mutant is in agreement with studies of a similar mutation (R182L) found in patients. 34 In case of the W195A mutant, the localization is clearly different from that of wild-type IL-21R with a very weak signal from the border of cells and a stronger signal from within cells ( Figure 3 ). Co-staining with calreticulin indicated that the W195A mutant partially accumulates in the ER (Figure 4) .
In order to check if the observed pattern of subcellular localization of the receptors is dependent on the cell line, we performed the same set of experiments in HeLa cells (Supplementary Figure 2) . The subcellular localization patterns of wild-type and mutant receptor are the same as in HEK293. Thus, none of the three mutants, N54A, R182A and W195A, are exported properly to the PM and their transport is stalled in either the Golgi apparatus or ER.
Subcellular localization of wild-type and mutant γC receptor chains Next, we investigated the subcellular localization of C-terminally HA-tagged wild-type γC receptor, as well as the mutants described above in HEK293 cells. Like for IL-21R, the signal from the wildtype γC receptor chain can be detected in the Golgi apparatus, as well as on the PM ( Figure 5 ). In addition, the N49A, R202A and W215A mutants are not exported to the PM and partially accumulate in the Golgi apparatus.
Secretion of wild-type and mutant extracellular domains of IL-21R
To confirm our observation that the mutant IL-21R receptor chains are not exported properly to the PM, HEK293 cells were transfected with C-terminally HA-tagged wild-type or mutant extracellular domains of IL-21R followed by immunoblot analysis of culture media and whole-cell lysates. Although the extracellular domains of both wild-type and mutant IL-21R were clearly expressed, only the wild-type extracellular domain and not any of the mutants was secreted ( Figure 6 ).
DISCUSSION
The structure of the IL-21R:IL-21 complex showed that the first tryptophan of the WS motif is mannosylated and together with R182 participate in stabilizing a sugar bridge, which connects the two fibronectin domains. However, it failed to show if the sugar bridge was formed before ligand binding or if it was formed as a part of a ligand induced structural rearrangement. The present work clearly shows that the sugar bridge is formed before ligand binding and that very little structural changes occur in IL-21R upon ligand binding. Furthermore, we investigated how mutations of the aforementioned residues, or corresponding residues in γC, influence protein trafficking and found that mutation of the arginine residue involved in the W-R-W ladder (R182A or R202A in IL-21R and γC, respectively) impaired export to the PM. This agrees with results presented by Kotlarz et al. 34 for IL-21R and extends the observation to γC. They reported that patients carrying a R182L mutation in IL-21R were unresponsive to IL-21. The R182L mutation resulted in receptor accumulation in the ER, just as we Role of WS motif in transport of IL-21R to the PM P Siupka et al observed with the R182A mutation. The lack of response to IL-21 led to a severe immunodeficiency syndrome in patients who were homozygous for the mutation. Furthermore, mutation of arginine 202 in γC was reported as one of 200 substitutions causing severe complex immunodeficiency syndrome. 31, 32, 35 Lack of this arginine in close proximity to the WS motif in D2 destroys the interaction network and probably abolishes the formation of the sugar bridge between D1 and D2. In addition, the arginine interacts with the tryptophans of the WS motif forming the W-R-W ladder and this could be necessary for stabilizing the structure of the D2 domain. When it is not present, proper protein folding and/or processing is abolished and the receptor is not released from the ER to the PM. The first tryptophan of the WS motif has previously been shown to be important for trafficking of the EPOR receptor to the PM. 21 In agreement with that we observed that mutation of the first tryptophan of the WS motif abolished transport of the receptor to the PM. This tryptophan is mannosylated and takes part in formation of the sugar bridge. Thus, mutation of this residue probably prevents formation of the sugar bridge, which might have an impact on proper folding and/or processing. It is known, however, that unmannosylated protein from Escherichia coli fold properly so loss of the mannose might rather affect processing than folding. 36, 37 Interestingly, in IL-2R, mutation of either of the tryptophans in the WS motif did not abolish export of the protein to PM, however, it did result in a loss of ligand-binding properties. 22 Weidemann et al. 19 in their model of membranedependent activation of IL-4 receptor-mediated signaling proposed that the WS motif is involved in interaction of D2 with the membrane (W exposed mode) and after recognition of the ligand it switches to the W core mode causing a change in receptor conformation and binding of IL-4. However, the existence of the sugar bridge between D1 and D2 in IL-21R, and possible also in γC, makes this model implausible for these receptors.
The presence of a sugar bridge between the two fibronectinlike domains in their extracellular domain might be a common feature of the γC subfamily of class I cytokine receptors. Many of these receptors possess N-linked glycosylations that can potentially form the glycan bridge in the extracellular domain. The sugar bridge is not necessary for proper folding of the receptor nor for binding the ligand as several structures of unglycosylated class I cytokine receptors purified from insect cells, as well as E. coli have been solved. However, this does not exclude an effect of glycosylation on receptor-ligand interaction or on the subsequent signal transduction. A partially glycosylated structure of IL-7R is known and the sugar has been found to increase affinity for the ligand. 38 The sugar bridge might stabilize the position of D1 and D2 relative to each other, thus increasing the affinity of the receptor for the cytokine. After binding the ligand, the structure of the receptor and sugar bridge could become more rigid which would prolong the existence of the complex.
It is tempting to speculate that the presence of a connection between the two fibronectin-like domains and possible stabilization of their positions relative to each other is important for proper function of the receptors. This speculation comes from the fact that the EPOR receptor is lacking the glycosylation site on D1 facing the D2 domain, however, it has an N-terminal helix that occupies the same space in the structure and might thus perform the same role. 39 N-linked glycosylation of N54 in D1 facing D2 of IL-21R is also important for proper transport of the receptor to the PM. It has previously been shown that removing the sugar bridge by mutating asparagine 54 to glutamine leads to a loss of export of the extracellular domain of IL-21R to the extracellular space. 18 We further investigated how this mutation influences trafficking of the C-terminal HA-tagged full-length receptor using confocal microscopy. Wild-type IL-21R was transported to the PM in both HEK293 and HeLa cells. On the other hand a mutant lacking the N-linked glycosylation facing the D2 domain accumulated in the Golgi apparatus. In addition, the same results were obtained for γC. This could indicate that formation of the sugar bridge could be a common feature of receptors of the γC subfamily of class I cytokine receptors. Moreover it shows that glycosylation at the mentioned position is not necessary for protein folding, however, it is a major determinant of transport of the receptors from Golgi apparatus to the PM.
Dagil et al. 20 reported that the WS motif can adopt two different confirmations in the prolactin receptor: A ligand-bound W-R-W ladder and an unbound T-stack confirmation. We did not observe the T-stack conformation in the apo form of IL-21R, nor in the IL-21 bound form. It is possible that crystal contacts restrict IL-21R, but we did not observe any crystal contact that would obviously impair the formation of the T-stack conformation. We did observe strong density next to W195 that is not accounted for by protein or sugar. The best fit to the density is a chloride ion.
Taken together, our subcellular localization studies show that the arginine interacting with the WS motif and the sugar bridge of IL-21R, γC and maybe other γC subfamily receptors is important for transport of the receptor to the PM. The same is true for the N-linked glycosylation of the asparagine in D1 facing the D2 fibronectin-like domain of the receptors, as well as the first tryptophan of the WS motif. As the observed pattern of subcellular localization is the same for IL-21R and the common γC receptor chain and the mutants affecting the sugar bridge of IL-21R, we speculate that the sugar bridge is also present in γC and is thus a more general feature of the IL-2 family of cytokine receptors.
MATERIALS AND METHODS
Protein purification and crystallization IL-21R was produced in HEK293 cells and purified as previously described. 18 The protein was concentrated to 5 mg ml − 1 in a solution of 10 mM HEPES and 150 mM NaCl, at pH 7.5.
The protein was crystallized at 4°C as sitting drops with 500 μl reservoir solution consisting of 1 M potassium sodium tartrate tetrahydrate, 3% PEG5000 and 0.1 M Tris at pH 8.5. In all, 1 μl of Reservoir solution and 1 μl of protein solution were mixed in the pedestal. Large single crystals appeared after 7-10 days. These were flash-frozen using a cryosolution containing 1 M potassium sodium tartrate tetrahydrate, 10% PEG5000, 15% glycerol and 0.1 M Tris at pH 8.5.
Data processing, phasing and structure building
Data was collected at Max-Lab at the I-911-2 beamline at 77 K (−196°C). A total of 180 frames were collected with an oscillation of 1º at a wavelength of 1.04 Å. The data was processed using XDS and scaled to 2.75 Å (see Table 1 ) in the space group I222 with cell dimensions of 114 Å × 135 Å × 178 Å.
Phasing was done by molecular replacement using the structure of IL-21R without sugar from the IL-21R:IL21 complex (PDB accession code: 3TGX). The structure was solved using Phaser in Phenix followed by autobuild. 40 The IL-21R structure was built de novo by repeated cycles of building and refinement in Coot 41 and Phenix 40 , respectively. The final model contained three molecules of IL-21R refined to a resolution of 2.75 Å. The final model yielded a crystallographic R factor of 0.24 and a free R factor of 0.28. The structure has been deposited at the RCSB Protein Data Bank and given the accession code 4NZD. Figure 3 . Subcellular localization of IL-21R. HEK293 cells were transfected with C-terminally HA-tagged wild-type IL-21R or mutants. Twentyfour hours post transfection cells were fixed and immunostained using goat anti-HA (IL-21R detection) and rabbit anti-giantin (Golgi apparatus marker) as primary antibodies and chicken anti-goat conjugated to AlexaFluor 488 and donkey anti-rabbit conjugated to AlexaFluor 568, respectively, as secondary antibodies. Signal detection was done using CarlZeiss LSM710 confocal microscope at 63 × zoom.
IL-21R and γC constructs
Human IL-21R (accession no. AY358826) and human γC receptor chain (accession no. NM_000206) genes were ordered from GeneArt (Invitrogen, Naerum, Denmark). A HA-tag sequence was added before the stop codon at the 3′ terminus of the receptors. The genes were cloned into the pcDNA3.1 vector using the HindIII and XhoI restriction sites. Mutations and deletions were introduced using the Quick Change Site-Directed Mutagenesis Kit (Agilent Technologies, Glostrup, Denmark) according to the manufacturer's protocol. The following primers were used to introduce mutations (changed codons in uppercase letters): IL-21R N54A forward: 5′-ccacaggtcggcccacGCTgccacgcatgccacc-3′, reverse: 5′-ggtggcatgcgtggc AGCgtgggccgacctgtgg-3′; IL-21R R182A forward: 5′-gctatgagctgcaggtg GCGgcagggcccatgcc-3′, reverse: 5′-ggcatgggccctgcCGCcacctgcagctcatagc -3′; IL-21R W195A forward: 5′-cctcctaccaggggaccGCGagtgaatggagtgacc-3′, reverse: 5′-ggtcactccattcactCGCggtcccctggtaggagg-3′; γC N49A forward: 5′-gttcaatgtcgagtacatgGCTtgcacttggaacagcagc-3′, reverse: 5′-gctgctgttcca agtgcaAGCcatgtactcgacattgaac-3′; γC R202A forward: 5′-cgctacacgtttcgtgtt GCGagccgctttaacccactc-3′, reverse: 5′-gagtgggttaaagcggctCGCaacacgaaac gtgtagcg-3′; γC W215A forward: 5′-ggaagtgctcagcatGCGagtgaatggagcc accc-3′, reverse: 5′-gggtggctccattcactCGCatgctgagcacttcc-3′. The following primers were used to delete the intracellular and transmembrane domains (residues 233-538 of the precursor protein) of IL-21R (linker and HA-tag sequence in uppercase letters): IL-21R residue 1-232 forward: 5′-gacccagtcagaggagttaaaggaaGGATCCGGTGGCGGGTCCTACC-3′; reverse: 5′-GGTAGGACCCGCCACCGGATCCttcctttaactcctctgactgggtc-3′. The plasmids were sent for sequencing at Eurofins MWVG, Ebersberg, Germany, in order to confirm the presence of the mutations. For transfection endotoxin-free preparations of the plasmids were made using the Qiagen Plasmid MidiPrep Plus Kit (Qiagen, København, Denmark) according to the manufacturer's protocol.
Cell lines and culture conditions
The HEK293 and HeLa cell lines were bought from ATCC and cultured in Dulbecco's modified Eagle's medium (Sigma-Aldrich, Brøndby, Denmark) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 100 U ml − 1 penicillin (Sigma-Aldrich) and 100 μg ml − 1 streptomycin (Sigma-Aldrich) at 37°C, 5% CO 2 . For immunofluorescence experiments, cells were cultured in 24-well plate with coverslips. First, autoclaved coverslips were washed for 30 min in 70% ethanol and subsequently dried and UV radiated for 20 min. Next, they were pre-coated with PEI (polyethylenimine; 25 μg ml − 1 ) as described before 42 and incubated between 5 and 24 h at 37°C, 5% CO 2 in 500 μl media. Each well was then seeded with 1.5 × 10 5 HEK293 cells or 5 × 10 4 HeLa cells in an additional volume of 500 μl media. Finally, the Figure 4 . Subcellular localization of IL-21R. HEK293 cells were transfected with C-terminally HA-tagged wild-type IL-21R or mutants. Twentyfour hours post transfection cells were fixed and immunostained using goat anti-HA (IL-21R detection) and rabbit anti-calreticulin (ER marker) as primary antibodies and chicken anti-goat conjugated to AlexaFluor 488 and donkey anti-rabbit conjugated to AlexaFluor 568, respectively, as secondary antibodies. Signal detection was done using CarlZeiss LSM710 confocal microscope at 63 × zoom.
plates were incubated for 24 h at 37°C, 5% CO 2 before transfection. For secretion experiments, a six-well plate was seeded with 5 × 10 5 HEK293 cells and then incubated for 24 h at 37°C, 5% CO 2 before transfection.
Transfection
For immunofluorescence experiments, HEK293 or HeLa cells were transfected with wild-type IL-21R, γC or mutant constructs using Lipofectamine 2000 transfection reagent (Invitrogen), according to the manufacturer's protocol. A total amount of 0.4 μg DNA per well in a 3:1 ratio between construct and empty vector was used for transfection. Plates were then incubated at 37°C, 5% CO 2 for 6 h before exchanging the media. Afterwards the plates were incubated for an additional 18 h at 37°C, 5% CO 2 . For secretion experiments, HEK293 cells were transfected with the extracellular domain of wild-type IL-21R or mutant constructs using PEI. A total amount of 5 μg DNA per well with a 1:3 ratio between DNA and PEI was used for transfection. Before transfection, the media on the cells was exchanged to 2 ml media supplemented with 2% fetal bovine serum. Media without fetal bovine serum or antibiotics was added to the DNA/PEI mix to a total volume of a 500 μl and then incubated for 15 min at room temperature (RT) before gently being applied to the cells in the wells. Afterwards the plate was incubated for an additional 72 h at 37°C, 5% CO 2 .
Immunostaining and imaging
Media was aspirated and wells with coverslips were washed with PBSi (PBS (Sigma-Aldrich), 10 mM HEPES, 15 mM NaN 3 ) 2 × 5 min. Cells were fixed by a 10-min incubation in 4% formaldehyde in PBSi solution. Coverslips were washed with PBSi 2 × 5 min and cells were permeabilized by 3-min incubation in 0.1% Triton X-100 solution in PBSi. Cells were washed 3 × 5 min with PBSi and blocked by incubation in 1% bovine serum albumin (Sigma-Aldrich) in PBSi solution for 30 min. Next, coverslips were incubated for 1 h at RT with primary antibodies: goat polyclonal anti-HAtag (ab9134, Abcam, Cambridge, UK) 1:500 and rabbit polyclonal antigiantin (ab24586, Abcam) 1:250 or rabbit polyclonal anti-calreticullin (ab2907, Abcam) 1:250. Subsequently, cells were washed 2 × 5 min with PBSi and incubated for 1 h at RT in dark with the secondary antibodies: monoclonal chicken anti-goat conjugated to AlexaFluor 488 (A21467, Invitrogen) 1:200 and monoclonal donkey anti-rabbit conjugated to AlexaFluor 568 (A10042, Invitrogen) 1:200. At the end of the incubation, the nucleus was stained with DAPI solution for 3 min. Coverslides were Figure 5 . Subcellular localization of IL-2RG. HEK293 cells were transfected with C-terminally HA-tagged wild-type IL-2RG or mutants. Twentyfour hours post transfection cells were fixed and immunostained using goat anti-HA (IL-2RG detection) and rabbit anti-giantin (Golgi apparatus marker) as primary antibodies and chicken anti-goat conjugated to AlexaFluor 488 and donkey anti-rabbit conjugated to AlexaFluor 568, respectively, as secondary antibodies. Signal detection was done using CarlZeiss LSM710 confocal microscope at 63 × zoom. washed 2 × 5 min with PBSi, rinsed with distilled water, air dried and mounted on microscope slides using ProLong Gold Antifade Reagent (Invitrogen). Microscope slides were stored at RT in dark for 24 h. Cells were analyzed on a CarlZeiss LSM710 confocal microscope (Carl Zeiss, Birkerød, Denmark; http://www.zeiss.com). Brightness and contrast of each channel were adjusted using the CarlZeiss ZEN2011 software (Carl Zeiss). The images are representative of three independent experiments. Immunoblotting Samples were separated by 12% SDS-PAGE and afterwards transferred onto a PVDF membrane (VWR, Herlev, Denmark). Following the transfer, the membrane was blocked with 5% skim milk in TTBS (TBS (Sigma-Aldrich) with 0.05% Tween-20) at RT for 1 h. The membrane was washed 3 × 5 min in TTBS and then incubated with the primary antibody goat polyclonal anti-HA-tag (ab9134, Abcam, Cambridge, UK) 1:10 000 in TTBS at 4°C over night. Next, the membrane was washed 3 × 5 min in TTBS before incubation with the secondary antibody rabbit polyclonal anti-goat conjugated to HRP (A8919, Sigma-Aldrich) 1:20 000 in TTBS at RT for 1 h. Finally, the membrane was washed 4 × 5 min in TTBS and then revealed using the SuperSignal West Dura Chemiluminescent Substrate (Thermo Fisher Scientific, Roskilde, Denmark). The experiment was repeated twice. Figure 6 . Secretion of the extracellular domain of IL-21R. HEK293 cells were transfected with C-terminally HA-tagged extracellular domain of wild-type IL-21R or mutants. Seventy-two hours post transfection, culture media and whole-cell lysates were analyzed by immunoblotting using goat anti-HA antibody.
